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1  | INTRODUC TION
Rice is a staple food for more than half of the world's population 
and is directly associated with food security. An additional 100 mil-
lion tonnes of rice production is estimated to be needed to meet the 
demand of 9.1 billion people by 2050 (Jaggard, Qi, & Ober, 2010; 
Mahender, Swamy, Anandan, & Ali, 2019). However, the genetic gain 
for rice grain yield has stagnated over the past decade, resulting in 
productivity plateaus even in favourable environments. Also, rice 
growth and development faces different abiotic stresses such as 
drought, cold, heat, salinity, acidic soils, nutritional deficiencies, and 
soil toxicities, which cause significant losses in grain yield (Mahender 
et al., 2019).
To deal with the environmental challenges, a better understand-
ing of genetic responses to abiotic stress is needed, particularly those 
mechanisms that promote plant survival at the cellular and organism 
level. Autophagy (meaning self-eating) is one of these mechanisms, 
in which macromolecules and cellular components are recycled into 
vacuoles for reuse. This process is crucial for the maintenance of cel-
lular homeostasis, acts on normal conditions, and is stimulated under 
adverse conditions (Avin-Wittenberg, 2019; Signorelli, Tarkowski, 
Van den Ende, & Bassham, 2019).
In plants, autophagy has been described in Arabidopsis 
(Arabidopsis thaliana) (Doelling, Walker, Friedman, Thompson, & 
Vierstra, 2002; Thompson, Doelling, Suttangkakul, & Vierstra, 2005), 
tomato (Solanum lycopersicum), maize (Zea mays), rice, and wheat 
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Abstract
Rice yield is frequently impaired by abiotic adverse conditions in several parts of 
the globe. One of these constraints is soil iron toxicity. Plants respond to adverse 
conditions by activating different mechanisms, some of which have already been 
elucidated. Recently, autophagy has been associated with plant tolerance to abiotic 
stresses, however, the involvement of this mechanism in the response to iron toxic-
ity has never been studied. Autophagy is a process of recycling cellular components 
and involves approximately 30 genes in rice. Thus, the objective of this study was 
to characterise the regulation and transcriptional activation of OsATG genes in rice 
seedlings under iron toxicity. In this condition, OsATG genes were induced in the tol-
erant genotype and repressed in the sensitive one. Also, OsATG gene promoters are 
rich in W-box cis-regulatory elements targeted by WRKY transcription factors. These 
results suggest that OsATG genes are involved in early iron toxicity response and the 
regulation of these genes can occur via WRKY. This study provides early insights into 
the involvement of autophagy in iron toxicity response.
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(Triticum aestivum) (Chung, Suttangkakul, & Vierstra, 2009; Pei 
et al., 2014; Wada et al., 2015; Zhou, Wang, Yu, & Chen, 2014). 
Autophagy is an evolutionarily conserved degradation mechanism 
that participates in numerous biological processes. Three different 
types of autophagy have been identified, microautophagy, macro-
autophagy, and mega-autophagy (Gou et al., 2019; Klionsky, 2008; 
Marshall & Vierstra, 2018; Matsuura, Tsukada, Wada, & 
Ohsumi, 1997; Ohsumi, 2014). In microautophagy and macroautoph-
agy, vesicles carry cytoplasmic components to the vacuole and with 
membrane disruption occurs the charge release and hydrolysis, and 
the recycled constituents return to the cytoplasm. In mega-autoph-
agy, the disruption of vacuole membrane and hydrolases release in 
the cytoplasm lead to degradation of cytoplasmic components, the 
final step of programmed cell death (Gou et al., 2019).
Macroautophagy (henceforth termed autophagy) begins with 
the formation of the phagophore, which is a double membrane 
vesicle formed from the endoplasmic reticulum and other mem-
branes. The development of the phagophore requires the action 
of proteins encoded by AuTophaGy-related genes (ATG), which are 
highly conserved amongst organisms. Most yeast ATG genes present 
orthologs in Arabidopsis, rice, maize, tobacco (Nicotiana tabacum), 
foxtail millet (Setaria italica), and in the alga Chlamydomonas rein-
hardtii (Li et al., 2015, 2016; Pérez-Pérez, Florencio, & Crespo, 2010; 
Thompson et al., 2005; Xia et al., 2011; Zhou et al., 2015). In rice, 
33 ATG genes were reported (Xia et al., 2011). Some of these ATG 
proteins participate in phagophore induction (ATG1, ATG11, and 
ATG13), membrane lipid transport (ATG9), vesicle nucleation (ATG5 
and ATG12), and phagophore expansion and closure (ATG3, ATG4, 
ATG7, and ATG8) (Signorelli et al., 2019).
The participation of this process in response to nutritional defi-
ciency (Doelling et al., 2002; Thompson et al., 2005), oxidative stress 
(Minina et al., 2018; Shin, Yoshimoto, Ohsumi, Jeon, & An, 2009; 
Xiong, Contento, Nguyen, & Bassham, 2007), drought, salinity or 
osmotic stress (Liu, Xiong, & Bassham, 2009; Luo et al., 2017; Sun, 
Jia, et al., 2018; Wang, Sun, Jia, & Ma, 2017), heat (Yang, Srivastava, 
Howell, & Bassham, 2016; Zhou et al., 2013, 2014), and submer-
gence (Chen et al., 2015) in different plant species has already been 
identified. However, the involvement of autophagy in response to 
iron toxicity in rice has not been reported. Studies relating to Fe and 
autophagy refer only to the translocation of Fe from leaf to grain in 
rice (Pottier, Dumont, Masclaux-Daubresse, & Thomine, 2019). Thus, 
elucidating the involvement of autophagy in response to iron toxic-
ity may have potential applications in breeding to obtain genotypes 
tolerant to this condition.
Rice can uptake Fe in divalent (Fe2+) and trivalent (Fe3+) forms. In 
aerobic soils, Fe3+ is the predominant form, which is complexed in the 
soil and less available to plants and can be uptaken if complexed with 
mugineic acid. Moreover, in anaerobic soils, characteristic of flooded 
rice system, Fe3+ is reduced to the soluble Fe2+ form available to the 
plant and can result in iron toxicity. Iron toxicity can cause leaf bronz-
ing and root damage (Onyango, Entila, Dida, Ismail, & Drame, 2019), 
with physiological consequences leading to reduced productivity. 
Excessive Fe2+ uptake leads to physiological perturbations resulting 
from oxidative stress and other nutrient deficiencies. Oxidative 
stress can cause cell damage, such as lipid peroxidation, organelle 
damage, and even cell death (Onaga, Dramé, & Ismail, 2016). Some 
authors report that Fe toxicity can impair rice yield from 12 to even 
100%, depending on the genotype tolerance level, the stress inten-
sity and the soil fertility status (Sahrawat, 2004); moreover, oth-
ers suggest a reduction from 16% to 78%, with and 43% average 
(Audebert & Fofana, 2009).
Different mechanisms have been proposed as ways to confer tol-
erance to Fe excess stress (Becker & Asch, 2005), and several quanti-
tative trait loci (QTL) associated to this trait have been identified, such 
as reported by Wu et al. (2014) and Dufey, Mathieu, Draye, Lutts, 
and Bertin (2015). In the study developed by Dufey et al., (2015), the 
authors have identified four genomic regions, located at the chromo-
somes 1 (15 QTLs), 2 (6 QTLs), 3 (14 QTLs), and 7 (7 QTLs), possibly 
associated to Fe tolerance. At the chromosomes 1 and 3, genes in-
volved in cellular rescue and defence, oxygen and electron transfer, 
Fe homeostasis and ion transport, hormonal regulation and response 
or other signalling pathways are located. In the study performed by 
Wu et al., (2014) a total of seven major QTLs have been identified, but 
eleven specific marker regions could be mapped, possibly associated 
to Fe tolerance, located at chromosome 1 (3 QTLs), 2 (1 QTL), 4 (5 
QTLs), 7 (1 QTL), and 12 (1 QTL). However, no study has reported the 
role of ATG genes in response to Fe excess toxicity, so far.
Autophagy is one of the mechanisms to mitigate the effects of 
oxidative stress, and therefore should be investigated as a strategy 
to develop cultivars tolerant toxicity of iron in rice. In this context, 
this study aimed to characterise for the first time the regulation and 
transcriptional activation of OsATG genes in the response to iron 
toxicity in rice.
2  | MATERIAL S AND METHODS
2.1 | Plant materials
Rice (Oryza sativa L.) seeds of contrasting genotypes for iron tox-
icity tolerance (BR IRGA 409—sensitive and Epagri 108—tolerant) 
(Bresolin et al., 2019; Silveira et al., 2007; SOSBAI, 2016; Stein 
et al., 2019; Viana et al., 2017) were disinfected with sodium hy-
pochlorite solution (2.5%) and then deposited on moist (2.5× distilled 
water w/w) germination paper (Germitest®) in transparent acrylic 
boxes (gerbox). The boxes were kept in a growth chamber at 25°C 
and 16 hr photoperiod of light for seven days. After this period the 
seedlings were transplanted to 700 ml pots containing hydroponic 
solution (Yoshida, Forno, Cock, & Gomez, 1976) and remained in this 
condition for three days for adaptation. Then, the control treatment 
seedlings were transferred to a new standard hydroponic solution 
and the iron toxicity treatment seedlings were transferred to hy-
droponic solution plus 300 mg/L of FeSO4⋅7H2O, remaining under 
these conditions for five days. Fe concentration was determined in 
previous studies to discriminate rice genotypes regarding tolerance 
to iron toxicity (Elec et al., 2013).
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The experiment was conducted using 16 hr of light, 25°C, and 
80% relative humidity with six replicates in a completely randomised 
experimental design, and each replicate consisted of a pot contain-
ing ten seedlings. After the established period, three replicates of 
each treatment were phenotypically evaluated and three were used 
to collect plant material (shoot and root), fixed in liquid N and stored 
in ultrafreezer (−80°C) until RNA extraction.
2.2 | Phenotyping
For phenotyping, shoot length (SL), root length (RL), shoot dry 
mass (SDM), and root dry mass (RDM) were evaluated. For SL and 
RL evaluation a pachymeter was used (Starrett, ±0.05 mm accu-
racy) and the measurements of SL and RL were performed as de-
scribed in Bresolin et al. (2019). To determine the dry mass, shoots 
were separated from the roots and both were packed in paper 
bags and dried in a forced air oven at 80°C for 96 hr. Subsequently, 
the samples were weighed in analytical balance (0.001 g accu-
racy). Even containing iron plaque deposition, the roots were not 
washed prior to analysis.
The results were shown in graphics with standard deviation. 
Also, an analysis of variance (p > .05) was performed to detect 
significant differences between control and Fe conditions in each 
genotype.
2.3 | SNP genotyping
The accession's DNA was extracted from young leaves using a CTAB 
method, the samples were lyophilised and sent for genotyping. The 
samples were genotyped with a total of 7,098 SNP markers from the 
7 K Infinium SNP genotyping platform (Illumina®), at the Genotyping 
Services Laboratory—IRRI/Philippines (updated version of 6 K 
Infinium array; Thomson et al., 2017). The SNP polymorphisms have 
been counted with the aid of a spreadsheet.
2.4 | ATG gene expression
Total RNA was extracted from fresh plant tissue using Trizol rea-
gent (Invitrogen, Carlsbad, CA, USA). The amount and purity of 
the RNA were checked in spectrophotometry (NanoVue™ Plus 
Spectrophotometer) and the quality and integrity were checked by 
agarose gel 1%. Subsequently, the samples were treated with DNase 
I (Invitrogen®) to remove contaminating DNA. PCR reactions using 
RNA not converted to cDNA were performed to confirm the ab-
sence of genomic DNA. Each sample (1 µg) was converted into cDNA 
using oligo (dT) and SuperScript III First-Strand Synthesis System kit 
for RT-PCR (Invitrogen®).
The sequences of the coding regions of the OsATG genes 
were obtained in the RAP-DB database (Rice Annotation Project 
Database) (https://rapdb.dna.affrc.go.jp/). The design of the oligonu-
cleotides was performed using Primer3Plus software (http://www.
bioin forma tics.nl/cgi-bin/prime r3plu s/prime r3plus.cgi) (Untergasser 
et al., 2007) according to Applied Biosystems recommendations 
(Table S1). The RT-qPCR experiment was performed following to 
the MIQE manual (Bustin et al., 2009) using oligonucleotides for the 
OsATG genes and three reference genes AK059783, OsEF1-α, and 
OsNAPB (Table S1). These reference genes were previously tested 
in rice by Jain, Nijhawan, Tyagi, and Khurana (2006), Narsai, Ivanova, 
Ng, and Whelan (2010), and dos Santos et al. (2018). Oligonucleotide 
validation was performed using four dilutions (1:5 dilution factor) of 
a cDNA pool to determine amplification efficiency and specificity. In 
this study, we used oligonucleotides that showed efficiency around 
100% and showing only one peak in the dissociation curve. Gene 
expression analysis was performed in Applied Biosystems 7500 fast 
real-time PCR system thermal cycler using the SYBR™ Green PCR 
Master Mix reagent (Applied Biosystems). Three independent bio-
logical replicates from each sample and three technical replicates 
from each biological replicate were used for gene expression analy-
sis. Expression quantification was calculated according to the ΔΔCt 
method (Livak & Schmittgen, 2001). Results were presented in a 
heat map using the Multi Experiment Viewer (TIGR MeV) software 
(Saeed et al., 2003).
Expression of the reference genes AK059783, OsEF1-α, and 
OsNAPB was subjected to stability analysis in DataAssist™ v3.0 
Software (Applied Biosystems). The OsEF1-α and OsNAPB genes 
showed score values below 1.5 were used to normalise the expres-
sion data of the OsATG target genes.
2.5 | Prediction of the gene structure of 
OsATG7 and OsATG18a
The OsATG7 and OsATG18a genes showed alternative transcripts. 
Thus, we analysed the gene structure to evaluate alternative splic-
ing and its effect. For this, Augustus (Stanke, Steinkamp, Waack, 
& Morgenstern, 2004) and Gene Structure Display Server 2.0 (Hu 
et al., 2014) software were used.
2.6 | SNPs variation within the studied 
genes and their promoter region
The studied OsATG genes were searched in the Rice Annotation 
Project Database (RAP-DB), in order to find their positions in the 
Nipponbare reference genome sequence, i.e., beginning and end. 
Also, a promoter region was established as a 3 kb base pairs se-
quence, upstream to the transcription initiation site. The gene sense 
was always taken into account (positive or negative). Next, these re-
gions were searched against the BR IRGA 409 and EPAGRI 108 SNP 
genotyping profiles, aiming to find polymorphic loci within these 
sequences.
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2.7 | SNPs variation within previously known Fe 
tolerance QTL and genes
The same approach applied for the ATG genes and promoter re-
gions regarding SNP polymorphism mining was applied for QTL and 
genes reported by two selected recently published papers (Dufey 
et al., 2015; Wu et al., 2014). From the study of Wu et al. (2014), 
a total of eleven QTL were searched, and for that, a 10 kb region 
was delimited, and from the study of Dufey et al. (2015), a total of 
54 genes were analysed, along with their 3 kb promoter region. The 
gene IDs were converted from the MSU database format to the 
RAP-DB format for the searching.
2.8 | Identification of CIS-regulatory elements
The predicted promoter region (1 kb upstream of the transcrip-
tion start site) of each OsATG gene studied was obtained from the 
RAP-DB database. For genes that showed alternative promoters, 
both promoters were considered for analysis. Subsequently, the 
F I G U R E  1   Phenotypic characterisation through the relative performance of rice genotypes 'Epagri 108' (iron toxicity tolerant) and 'BR 
IRGA 409' (iron toxicity sensitive) under iron excess conditions (300 mg/L). (a) General plant behaviour under iron excess. (b) Iron plaque 
deposition in roots. (c) Morphological characters of the shoot (shoot length – SL in cm and shoot dry mass – SDM in mg) and root (root 
length – RL in cm and root dry mass – RDM in mg). Error bars represent standard deviation values for the means of 3 biological replicates
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promoter sequence was analysed regarding the presence of cis-
regulatory elements (CREs) using New PLACE database (https://
www.dna.affrc.go.jp/PLACE/ ?actio n=newplace) (Higo, Ugawa, 
Iwamoto, & Korenaga, 1999). Identification of shared and specific 
CREs amongst the analysed promoters was observed from a Venn 
diagram developed with Orange programme (Demsar et al., 2013).
3  | RESULTS AND DISCUSSION
3.1 | Effects of iron toxicity in the plant
Under iron toxicity conditions the development of rice plants is 
negatively affected leading to reduced yield. This damage can occur 
at any stage of plant development and when it occurs at the initial 
stage, compromises the establishment of the crop. Morphological 
traits that may be affected by iron toxicity include SL, RL, SDM, 
and RDM (Silveira et al., 2007; Viana et al., 2017), thus, these vari-
ables were evaluated in this study. Previous reports have shown that 
the cultivars 'Epagri 108' and 'BR IRGA 409' present tolerance and 
sensitivity to iron toxicity, respectively (Silveira et al., 2007; Stein 
et al., 2019; Viana et al., 2017). For the use of this model in our study, 
we performed an assay (Figure 1a). When in higher availability, Fe 
can cause direct (bronzing) and indirect (Fe plaque deposition on 
the roots) toxicity in rice plants (Bresolin et al., 2019; dos Santos, 
Araújo Júnior, Pegoraro, & Costa de Oliveira, 2017). In this study, it 
was observed that cv. 'BR IRGA 409' showed greater deposition of 
iron plaques on the roots (Figure 1b), as previously reported (Silveira 
et al., 2007; Stein et al., 2019). According to the analysis of variance, 
no significant difference for SL, SDM, RL, and RDM was detected 
between control and Fe conditions in both genotypes (Figure 1c). 
It can be an effect of the short stress exposition time, that despite 
it was not able to cause phenotypic changes, it is enough to gene 
signalling and activation, promoting the identification of early mo-
lecular responses.
Even though bronzing and marked morphological differences 
were not observed between 'Epagri 108' and 'BR IRGA 409' cultivars 
in a short period of time under iron toxicity, it is known that these 
genotypes present contrasting responses to iron toxicity (Bresolin 
et al., 2019; Silveira et al., 2007; SOSBAI, 2016; Stein et al., 2019; 
Viana et al., 2017). In this sense, we applied this model to identify 
the signalling pathways involved with iron toxicity response. Several 
cellular mechanisms and adjustments are needed to deal with the 
harmful effects of iron toxicity; however, in some cases, cell damage 
occurs and one of the ways to minimise cellular damage is through 
recycling of cellular components or cells via autophagy. Thus, we use 
rice cultivars with contrasting response to iron toxicity to investigate 
the transcriptional profile of genes involved in autophagy and estab-
lish for the first time an association between autophagy and early 
response to iron toxicity in rice.
3.2 | SNP genotyping
From the 7,098 SNP loci comprised by the genotyping platform, a 
total of 6,280 presented call at both accessions genotypes (Table 1). 
These amounts of loci have been taken into account for polymor-
phism listing. A total of 1,002 SNP were polymorphic amongst the 
accessions assayed, which represented 15.9% of all loci evaluated. 
These polymorphisms were distributed along the accessions ge-
nomes; however, there were variations amongst chromosomes for 
these features. Chromosome 1 presented the largest number of 
polymorphic sites, in absolute terms (163 SNPs), but chromosome 
12 showed the highest rate of polymorphic loci, presenting 24.3% of 
the assayed loci as polymorphic between the accessions. Moreover, 
chromosome 10 showed the smallest number of polymorphic sites, 
TA B L E  1   Summary of BR IRGA 409 and EPAGRI 108 whole genome SNPs genotyping
Chromosome
Number of SNP loci in the 
microarray
Number of SNPs with call in 
both accessions
Polymorphic SNPs between 
accessionsa 
% of polymorphic 
SNPsa 
1 850 770 163 21.2
2 660 615 94 15.3
3 683 640 57 8.9
4 646 546 96 17.6
5 509 472 83 17.6
6 551 493 109 22.1
7 524 472 78 16.5
8 545 475 96 20.2
9 455 393 44 11.1
10 472 416 28 6.7
11 631 515 39 7.6
12 572 473 115 24.3
Totals 7,098 6,280 1,002 15.9
aConsidering only SNPs with calls at both accessions. 
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both in absolute (28 SNPs) and in rating terms (6.7% of the SNPs as-
sayed in this chromosome were polymorphic).
Looking at the total rate of polymorphisms found, it became vis-
ible that the rice accessions assayed are considerable contrasting, 
which gives support for their use in this study. This result may seem 
surprising, as both accessions assayed are elite cultivars, developed 
(i.e., selected) for a relatively similar growing region. Moreover, 
it has been well illustrated through genealogy analysis that most 
Brazilian elite rice cultivars have been originated from only very 
few ancestors, in breeding programmes which have started just 
as few as three or four decades ago (Rabelo, Guimarães, Pinheiro, 
& Silva, 2015; Raimondi, Marschalek, & Nodari, 2014; Rangel, 
Guimarães, & Neves, 1996). However, another study has already 
identified this contrast, clustering 'BR Irga 409' and 'Epagri 108' in 
different groups, applying different clustering approaches (Venske 
et al., 2019).
3.3 | Activation of OsATG genes in response to 
iron toxicity
Increased ATG gene expression has been found in various types 
of abiotic stresses in algae and plants, including Chlamydomonas, 
Arabidopsis, tomato, pepper, rice and wheat (Chen et al., 2015; Liu 
et al., 2009; Luo et al., 2017; Pei et al., 2014; Perez-Martin, Perez-
Perez, Lemaire, & Crespo, 2014; Wang et al., 2015; Xia et al., 2011; 
Zhai et al., 2016; Zhou et al., 2014). However, no study has been 
performed associating these genes with iron toxicity.
Autophagy requires two ubiquitin-like conjugation systems in-
volving ATG8 and ATG12. The inactive precursor of ATG8 is processed 
by the action of a cysteine protease (ATG4) to expose C-terminal gly-
cine. ATG8 is bound in the exposed glycine by the E1-like enzyme 
(ATG7), then transferred to the E2-like conjugation enzyme (ATG3) 
and subsequently connected to phosphatidylethanolamine (PE) form-
ing ATG8-PE. At the same time, ATG12 participates in a conjugation 
process, also being activated by E1-like (ATG7) and then transferred 
to E2-like (ATG10) and finally conjugated with ATG5 (possibly E3-
like). The ATG12-ATG5 complex can act as E3-like during ATG8-PE 
conjugation. In addition, there is evidence that ATG12-ATG5 inter-
acts with ATG16, forming the ATG12-ATG5-ATG16 complex, whose 
function is not yet well elucidated (Liu & Bassham, 2012). ATG8-PE 
coats the phagophore and helps seal the vesicle by recruiting pro-
teins that act together to stimulate phagophore curvature. Most of 
these proteins are encoded by gene families (Xia et al., 2011). Thus, 
in this study, at least one coding gene for each ATG protein involved 
in the conjugation process (OsATG3a, OsATG4a, OsATG5, OsATG7, and 
alternative transcript OsATG7.1, OsATG8a, OsATG10b, OsATG12, and 
OsATG16) was selected. Beyond these genes, the OsATG18a gene 
and alternative transcript OsATG18a.1 were also studied, which is 
involved in the early formation of phagophores through lipid deliv-
ery to the expanding membrane (Marshall & Vierstra, 2018). The role 
of the ATG18a gene is crucial in tolerance to abiotic stress. Silencing 
F I G U R E  2   Relative quantification 
of OsATGs gene expression in shoot 
and root tissues of 'Epagri 108' (iron 
toxicity tolerant) and 'BR IRGA 409' (iron 
toxicity sensitive) genotypes subjected 
to iron excess (FeSO4⋅7H2O 300 mg/L) 
for five days. Red colour represents the 
highest mRNA abundance compared 
to control (black) and green colour 
represents lowest mRNA abundance 
compared to control (black). mRNA 
abundance of each gene of the Control 
served as the baseline for determining 
relative RNA levels
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the ATG18a gene results in increased stress sensitivity in Arabidopsis 
plants, while overexpression leads to increased stress tolerance in 
apple, Arabidopsis and tomato plants (Liu et al., 2009; Sun, Wang, 
et al., 2018; Wang et al., 2017).
Under iron toxicity condition, OsATG3a, OsATG4a, OsATG5, 
OsATG7.1, OsATG8a, OsATG10b, and OsATG18a genes were upregu-
lated in the shoot of cv. 'Epagri 108', while in cv. 'BR IRGA 409' these 
genes were downregulated. The OsATG12 and OsATG16 genes were 
upregulated and downregulated, respectively, in the shoots of both cul-
tivars (Figure 2). In the root tissue, most of the genes studied displayed 
a transcriptional profile similar to observed in the shoot (Figure 2). 
Considering previous studies, where the authors found that increased 
ATG gene expression is associated with stress tolerance (Kuzuoglu-
Ozturk et al., 2012; Liu et al., 2009; Luo et al., 2017; Sun, Wang, 
et al., 2018; Wang et al., 2015, 2017; Zhai et al., 2016; Zhou et al., 2013; 
Zhu et al., 2018), our results suggest that autophagy can be associated 
with iron toxicity tolerance in rice seedlings of cv. 'Epagri 108'.
Although OsATG genes exhibit similar behaviour regarding ac-
tivation or repression in response to iron toxicity in tolerant and 
sensitive cultivars, a wide variation in transcript accumulation was 
observed (Figure 2). Since even acting on the same route, proteins 
are required in different amounts. For example, the produced ATG8 
proteins are part of the phagophore structure which are required in 
high levels, while other ATG proteins act on the processing of ATG8 
and may perform its function several times.
3.4 | Consequences of alternative splicing of genes 
OsATG7 and OsATG18a
The OsATG7 and OsATG18a genes showed alternative transcripts. 
After dissecting the structure of the gene, splicing occurs through 
the use of alternative promoters (Figure 3). The alternative tran-
scripts of OsATG7 encode proteins of different sizes, since the 
OsATG7.2 transcript uses part of the genic region as a promoter. In 
the OsATG18a gene, moreover, alternative transcripts encode pro-
teins of the same size, since the alternative transcript promoter 
OsATG18a.2 corresponds to 5 'UTR of the genic region.
To survive under unfavourable conditions, plants induce the al-
ternative splicing mechanism to regulate the expression of stress-re-
sponsive genes by reprogramming intracellular regulatory networks 
(Dubrovina, Kiselev, & Zhuravlev, 2013). Alternative splicing con-
fers advantages for individuals because a single gene can encode 
different proteins, favouring the adaptation mechanism in adverse 
environments. In rice plants subjected to iron toxicity, changes in 
the pattern of stress-associated gene splicing have been reported 
(Araújo Júnior et al., 2015). The presence of alternative splicing as 
the processing of the OsATG7 gene mRNA, which results in different 
size proteins, may favour the plant under adverse conditions. In the 
case of the OsATG18a gene, which although splicing results in the 
same protein sequence, transcriptional regulation is differential as 
promoters have different regulatory sequences. This enables the ac-
tivation of transcription under specific conditions collaborating with 
the stress adaptation mechanism.
Due to the structure of these genes, we analyse the total tran-
script accumulation of OsATG7 (OsATG7.1+OsATG7.2) and OsATG18a 
(OsATG18a.1+OsATG18a.2) and also the OsATG7.1 and OsATG18a.1 
alternative transcript accumulation. In studied conditions, it seems 
that there is the expression of alternative transcripts of each gene, 
since the alternative OsATG7.1 and OsATG18a.1 transcripts were less 
accumulated than OsATG7 and OsATG18a transcripts (Figure 2). It 
suggests that OsATG7.2 and OsATG18a.2 were also expressed, con-
tributing to the total transcript accumulation.
3.5 | SNP polymorphisms within OsATG genic and 
promoter regions
The throughout search of SNP polymorphisms within the genic 
and promoter regions of the OsATG genes has simply resulted in no 
searches (Table S3). No SNPs have been found within these regions, 
neither polymorphic nor monomorphic. The nearest loci found were 
most of the times several kb distant of the gene or its promoter re-
gion. The strategy applied for the development of the SNP platform 
used, which comprised the genotyping of more than 250 worldwide 
diverse accessions, led to a panel of highly polymorphic set of SNPs 
F I G U R E  3   Structure of genes OsATG7 and OsATG18a showing the occurrence of alternative splicing using an alternative promoter
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(Thomson et al., 2017). The fact that not even one SNP was present 
within either the genic and promoter regions studied allow one sug-
gesting that these regions are highly conserved across evolution. In 
fact, there is a general idea that genes with a very specific mode-
of-action, such as the related to autophagy processes, are usually 
conserved in several species. This evidence of sequence conserva-
tion supports the approach applied in this study, in which sequences 
from cv. 'Nipponbare' were used for promoter region analysis.
3.6 | SNP polymorphisms within previously 
published QTL and genes
From the eleven QTL, mapped through the use of SNPs, reported 
by Wu et al. (2014), only one (qFETOX-2) has shown SNP loci, from 
7K SNPs assayed, within the 10 kb delimited region, and this locus 
has not presented polymorphism between the cultivars assayed in 
this study (Table S3). Regarding the 54 genes reported by Dufey 
et al. (2015), one had no ID match at RAP-DB. Only one gene has 
presented an SNP within the genic region (Os01g50030). This gene 
is located at chromosome 1 and codes for a Phosphoethanolamine 
N-methyltransferase, being classified as involved in hormonal regu-
lation and signalling pathways. Additionally, seven genes have shown 
SNPs within the 3 kb promoter region, but only three of these loci 
showed polymorphism between the cultivars assayed in this study 
(Os01g48060, Os03g04220, and Os03g04250). Polymorphisms at 
gene promoter regions may be the cause of a better Fe tolerance 
due to a more efficient gene transcription in response to the stress.
QTL mapping is the first step towards searching candidate genes. 
Thus, analysing the QTL reported by Wu et al. (2014) has to be con-
sidered as an exploratory approach, as an uncountable number of 
genes can be found in these regions. Also, regarding the eight genes 
F I G U R E  4   Involvement of WRKY transcription factors in the transcriptional regulation of OsATG genes under iron toxicity. (a) cis-
regulatory elements (CRE) targets of WRKY transcription factors in promoters of genes OsATG; (b) Proposed model of OsATG gene 
transcriptional regulation via WRKY transcription factors
F I G U R E  5   Venn diagram for the 
occurrence of cis-regulatory elements. 
Alternative promoters of the genes 
OsATG7 (a) and OsATG18a (b) and 
promoters of genes involved in the 
conjugation systems ATG8 (c) and ATG12 
(d)
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that either presented SNP within the genic or promoter region, it has 
to be emphasised that Dufey et al. (2015) had actually only proposed 
these genes as a candidate for Fe tolerance through a purely in silico 
approach, thus, biological validation is also required. Despite these 
considerations, it is possible to suggest the application of the 7K SNP 
array (Thomson et al., 2017) in marker-assisted selection strategies, 
for rice germplasms diverse for this QTL, genes, and SNPs.
3.7 | Characterisation of transcription regulation of 
OsATG genes
In the analysed OsATG genes, core CREs were shared between the pro-
moters, which was expected since these genes act in the same biologi-
cal process. However, these promoters also presented unique CREs, 
indicating particular regulation for specific situations (Table S2).
The presence of W-box sequences was detected in OsATG pro-
moters (Figure 4a). WRKY TFs recognise and bind to W-box CREs 
present in functional gene promoter regions by regulating expression 
under specific conditions (Rushton, Somssich, Ringler, & Shen, 2010). 
The involvement of WRKY transcription factors (TFs) in signalling in 
response to iron toxicity in rice has already been reported (Finatto 
et al., 2015; Ricachenevsky, Sperotto, Menguer, & Fett, 2010; Stein 
et al., 2019; Viana et al., 2017). In addition, WRKY genes have been 
noticed to be signalled by abscisic acid (ABA) (Finatto et al., 2018) 
and an increase in ABA in iron toxicity rice was verified by Majerus, 
Bertin, and Lutts (2009). The presence of W-box in OsATG promot-
ers suggests their regulation by WRKYs TFs. However, previous 
studies have shown that OsWRKYs genes are activated in the sensi-
tive 'BR IRGA 409' genotype greater than the tolerant 'Epagri 108' 
genotype (Viana et al., 2017). Thus, based on the transcriptional 
profile and structure of the OsATGs gene promoters we propose a 
model, where the repression of OsATG genes observed in the sen-
sitive genotype may be due to posttranscriptional and posttransla-
tional modifications of the OsWRKYs genes (Figure 4b). It is known 
that there is very complex regulation in the process of transcrib-
ing and translating OsWRKY genes, including the action of miRNA, 
siRNAs, ubiquitins, VQ proteins, and the characteristic self-regula-
tion of these TFs (Viana, Busanello, da Maia, Pegoraro, & Costa de 
Oliveira, 2018). The role of WRKY TFs in regulating ATG genes was 
previously reported in Arabidopsis thaliana, tomato (Solanum lyco-
persicum), and cassava (Manihot esculenta) (Lai, Wang, Zheng, Fan, 
F I G U R E  6   Proposed model of regulation and expression of OsATGs genes in rice seedlings subjected to iron excess toxicity
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& Chen, 2011; Yan, Wang, He, & Shi, 2017; Zhou et al., 2014). In 
Arabidopsis wrky33 mutant, a downregulation of ATG18a was iden-
tified upon Botrytis infection. Also, it was reported that WRKY33 
interacts with ATG18a protein, indicating that ATG18a can display 
autoregulation (Lai et al., 2011). In tomato, the silencing of WRKY33a 
or WRKY33b leads to a downregulation of ATG5 and ATG7, reducing 
also drought tolerance (Zhou et al., 2014). In cassava, it has been 
shown that WRKY20 interacts with the ATG8a promoter by binding 
the W-box, activating its expression during Xanthomonas axonopodis 
pv. manihotis (Xam) infection and WRKY20 also interact with ATG8 
proteins (Yan et al., 2017).
For the OsATG7 and OsATG18a genes that have alternative pro-
moters, the large number of specific CREs found (OsATG7.1 - 39; 
OsATG7.2 - 20; OsATG18a.1 - 8; OsATG18a.2 - 72) may result in dif-
ferential transcriptional profiling of the two transcripts of the same 
gene under the same condition (Figure 5a,b). The presence of shared 
CREs was also observed, indicating that even if alternative splicing 
occurs, the genes are regulated to act in the same route. Regarding 
the two conjugation systems, in which genes have specific functions, 
whose proteins are highly specialised, it was observed that shared 
and specific regulation can also occur (Figure 5c,d). This ensures that 
these genes are activated to act in the autophagy process, but with 
markedly distinct functions.
3.8 | Proposed model of OsATG involvement in 
response to iron toxicity
Overall, we suggest that iron toxicity tolerance can be associated 
with the intensification of the autophagy mechanism, thus orga-
nelles and other cytoplasmic components damaged by iron toxic-
ity oxidative stress are sent to degradation inside the vacuole and 
recycled to maintain cellular homeostasis. Moreover, when au-
tophagy machinery is not intensified, damage can lead to cell death. 
Interestingly, signalling for autophagy activation appears to be medi-
ated by WRKY TFs (Figure 6).
4  | CONCLUSION
In this study, we present the first insights into the association be-
tween autophagy and iron toxicity in rice seedlings. The fact that 
genes associated with autophagy are induced under iron toxicity in 
tolerant cultivar can be explored in molecular breeding aiming at the 
development of tolerant cultivars. However, to validate the proposed 
model under iron toxicity conditions, further studies are needed, 
mainly functional characterisation through silencing or overexpres-
sion of ATG genes and the elucidation of signalling mechanisms.
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